Abstract: Data transfer across millimeter-scale electrical wires is limited by both data rates and power density, which creates a performance bottleneck for semiconductor microchips in modern computer systems. Hence, silicon based platforms for optical communication are diligently explored for an on-chip optical data transfer. Semiconductor optical amplifiers provide signal recovery and loss compensation in advanced photonic circuits and are, thus, indispensable components for such platforms. However, silicon photonic components have to operate at much lower voltages and energy-per-bit metrics before it is worth integrating them on-chip with a CPU. The usage of tunnel junctions to control carrier injection can provide a fast and energy-saving alternative. Here, we present experimental results on direct conduction band carrier modulation in the indirect semiconductor Ge by Zener tunnel injection. Electrons are injected by a reverse-biased p-n Zener tunnel diode and recombine radiatively with holes injected by a forward biased p-i-n diode. This injection mechanism favors tunneling of electrons into the direct conduction band valley with concomitant improvements of optoelectronic properties. Benchmarking the performance, 2.42 dB transmission change at 0.9 V bias (1660 nm) at 300 K confirm the working principle. Our device can serve as a starting point to investigate the benefits of tunnel injection for silicon photonic devices.
Introduction
The field of silicon photonics has evolved quickly [1] and is considered as a key technology for providing the required I/O data transfer in future tera-scale computing architectures [2] . Today, group IV based platforms cover a variety of photonic components, including compact and low-loss Si waveguides [3] , high-speed Si/Ge modulators [4] and Ge photodetectors [5] . In order to attain full functionality of the photonic integrated circuits (PICs), hybrid integration of III-V materials on Si are explored intensively, enabling high-performance single devices for light generation [6] and light amplification [7] . Integrating III-V devices on Si wafers is cost-intensive since it requires customized process sequences, utilizing wafer-bonding, transfer printing or additional epitaxial growth steps [8] , [9] .
In the long-term projections the monolithic integration of all PIC components on Si using only group IV materials could provide a defining win on cost, time-to-market and PIC complexity [10] , [11] . This is because utilization of the mature Si complementary metal oxide semiconductor (CMOS) process technology and infrastructure could allow the yield to improve quickly and enable highvolume manufacturing. Moreover, the key benefits of monolithic silicon photonics include the ability to integrate photonics with CMOS electronics, creating new form factors and functionality that simply could not be addressed with single devices. With fully monolithic PICs at hand, integrated bio sensing applications [12] , systems-on-chip [13] and microwave-photonics [14] would also be more likely to reach commercial scale in the near term.
In recent years, progress achieved in group IV based silicon photonics includes the realization of GeSn laser light sources [15] - [17] . A group IV based Semiconductor-Optical-Amplifier (SOA) with high amplification bandwidth, low-noise and low power consumption, is crucial for signal recovery and loss-management for complex PIC networks [18] . In addition, high-speed optical switching matrices are regarded as key components in next-generation PICs [19] , [20] . For routing hundreds of gigabits per second, low latency and low energy consumption are fundamental aspects [21] . Besides Mach-Zehnder interferometric (MZI) circuits [22] and directional couplers [23] integrated SOA gates could be established for signal routing, due to their low-voltage operation, broadband performance and switching time in the range of nanoseconds, as already demonstrated in long-haul telecom networks [24] . Motivated by providing this desired functionality in a monolithically integrated group IV based device, we exploit the possibility of injecting electrons in the indirect semiconductor Ge by Zener tunneling [25] .
Tunneling provides energy-efficient carrier transport [26] as well as high-energetic electron filtering [27] . In III-V optical devices, thin and highly doped p-n tunnel junctions have been utilized to improve thermal stability [28] , footprint [29] and series resistance [30] . Furthermore, electrical THz oscillators have been fabricated using tunnel diodes due to their ultra-fast transit times [31] , [32] (tunnel injection transit time negative resistance diode (TUNNETT diodes) [33] ; static induction transistors (SIT-transistors) [34] ; 1.92 THz in resonant tunneling diodes (RTD oscillators) [35] ).
For the indirect semiconductor material Ge, Zener tunneling can also enable optical functionality. In Ge the indirect and direct conduction band valleys are energetically separated by just 138 meV, making it possible to address the direct conduction band valley (CB dir ) by direct Zener band-toband tunneling [36] for high electric fields. Moreover, Zener tunneling strongly favors tunneling to CB dir rather than to the indirect conduction band valley CB ind because no phonon is needed for the electron to make the transition from the valence band (VB) to CB dir [37] . In this paper, we discuss the idea of using this direct Zener band-to-band tunneling to inject electrons in Ge to the CB dir for optical applications.
Even though electrons injected by Zener tunneling predominantly populate CB dir , scattering processes will cause electrons to relax into CB ind . Here, we provide estimates for the timescales of both processes based on results discussed in the literature. For tunneling processes, the thickness of the barrier and the applied bias both play an important role for the probability and the time it takes to inject an electron to the CB dir (tunneling transit-time). Timescales for tunneling processes range from attoseconds for ionization of He atoms by electron tunneling (12 as, [38] ) to picoseconds for electron tunneling from quantum wells under the influence of an electric field (∼30 ps for a well width of 8.5 nm at 1.5 V bias [31] and ∼18 ps for a well width of 5.6 nm at 100 A/ cm² [32] ).
In case of highly doped p-n junctions, the tunnel-transit time of band-to-band tunneling processes through the thin electrostatic barriers can be significantly faster than the 18-30 ps determined for electrons tunneling out of quantum wells. This is also due to the thin electrostatic barriers, indicated by the extremely high tunnel current densities up to J T = 2.3 MA/ cm² (F > 2 × 10 6 Vcm −1 ) in previous Ge Zener tunnel diodes experiments [39] . The scattering time τ −L of electrons in the conduction band from CB dir to CB ind has been experimentally determined to be in the range of ∼ 230 ± 25 fs ( [40] , [41] ) to 1.2 ± 0.1 ps [42] for bulk Ge. For Ge/SiGe quantum wells, τ -L has been found to be ∼185 fs [40] . Furthermore, there is experimental evidence that τ -L is influenced by strain as well as doping [43] , [44] . We, therefore, argue that the scattering time τ -L in n-type doped Ge can be larger than the tunneling transit-time, thus offering the possibility of carrier accumulation in CB dir by electron tunneling processes.
As a result of being an indirect semiconductor, the optical absorption in n-Ge related to the CB dir occurs in the wavelength range 1625 nm to 1775 nm [42] , covering the U-band (1625 nm-1675 nm). To experimentally investigate the carrier population of the CB dir , we measure the change of optical absorption in the wavelength range 1600 nm to 1720 nm.
Here, we discuss a p-n-i-p Zener-Emitter (ZE) in which a p-n tunnel junction for electron injection is combined with an n-i-p diode that provides holes for the radiative transition. Since the tunnel-junction is highly voltage-sensitive, the Zener-Emitter provides an efficient and low-voltage consuming mechanism for modulating the carrier densities in the CB dir . To experimentally investigate the electro-optical effect of the tunnel injection mechanism, we fabricate waveguide structures (1 mm long; 1.6 μm wide) and use a supercontinuum lamp-source as continuous optical input signal. To identify the carrier population induced transmission change, we measure the optical signal at the output facet as function of applied voltage.
We present experimental results on the optical signal measured at waveguide structures fabricated from the layer stack and demonstrate that in our devices, transmission change of 2.42 dB (P on@0.9V/Poff@0V ) is achieved at 1660 nm with 0.9 V bias, while the derived wavelength region (1620 nm < λ < 1710 nm) is in good agreement with previously published experiments on n-Ge [43] . This provides evidence that the carrier density of CB dir can be influenced by Zener tunneling in an indirect semiconductor.
Sample Fabrication and Methods
To provide high quality tunnel junctions with sharp doping interface MBE was used in a low temperature Ge growth process (160°C), as previously reported in [45] (Table 1 ). An ultra-thin Si-Ge virtual substrate (VS; <100 nm) was formed by high temperature annealing (810°C) ( Fig. 1(a) ). The annealing steps significantly reduce the threading dislocation density for the following growth steps, by causing dislocations with opposite directions to move and annihilate each other, creating a dislocation-network in the Si-Ge VS. The large lattice mismatch between Si and Ge (4.2%) could therefore be relaxed while simultaneously keeping a low dislocation density in the subsequent Ge layers (∼ 1 × 10 7 cm −2 ). This is beneficial for the growth of the optical active Ge (i-Ge/n-Ge) and the tunnel junction (n-Ge/p-Ge), in terms of crystal quality. Sample 1 (p-i-n) and Sample 2 (p-n) are reference samples to monitor the diode behavior. For Sample 3 (p-n-i-p), a highly doped 50 nm p-Ge layer is grown on the n-Ge, forming the tunnel junction. All devices analyzed here are lateral edge emitters with 1mm length and current densities up to 7.5 kA/ cm². For a p-n junction to enable tunneling, degenerate doping has to be introduced on one side or both sides of the junction. It has been reported earlier that asymmetrically doped junctions with higher p-type than n-type dopant concentrations exhibit increased Zener tunneling under reverse bias and reduced Esaki tunneling under forward bias [46] . Thus, we introduce slightly asymmetric doping profile (Sample 3, Table 1 ) with high p-type doping (N A = 1 × 10 20 cm −3 ) for high electric fields, and moderate n-type doping (N D = 1 × 10 19 cm −3 ). All samples are fabricated using a CMOS compatible process-flow, with a device layer thickness of 550 nm. The samples have been cleaned using multiple plasma oxidation steps and H 2 O 2 /CitricAcid [47] dips to remove the native oxide. We used inductive coupled plasma (ICP) etching (HBr) to structure the ridge-waveguide and plasma enhanced chemical vapor deposition (PECVD) SiO 2 oxide (TEOS, 390°C) for passivation. The samples are cleaved for single device measurements ( Fig. 1(b) ). Antireflective coatings consisting of a thin Al 2 O 3 layer are used to encapsulate the facets after HF/H 2 O 2 /Citric-Acid cleaning, enabling coupling losses of 3.21 dB ± 0.3 dB per facet. The high refractive index contrast between the Si cladding (n Si = 3.42) and the Ge core (n Ge = 4.08) enables waveguiding of the fundamental TE-mode within the Ge (Fig. 2) , while the propagation loss for the TM-mode is higher due to the nearby Al contact. For minimal coupling loss, a lensed single-mode fiber with small core-diameter (d = 1 μm) is used to inject the input signal to the waveguide. The air gap between the fiber and the waveguide is filled with an index-matching oil, with n = 1.458 at 1589.3 nm. The alignment is done by adjusting the device to the maximum photocurrent, observed under negative bias in the i-Ge layer. For output signal detection, a multi-mode fiber with larger diameter (450 μm) is used to collect light on the other facet over a wide angle. A coherent super continuum light source (NKT Koheras SuperK Power) is used as an input signal with repetition rate of 20 MHz and rise time <20 ms in the wavelength range 1580 nm-1700 nm. The signal is filtered with an acoustical optical filter (AOTF) setup, providing a full width half-maximum (FWHM) of ∼20 nm. For detection of the ouput signal a grating spectrometer is used with a resolution of 1 nm. The output signal at a certain electrical injection is thereby always related to the output signal at 0 V bias (on-off transmission) to account for the coupling losses and the setup in (Fig. 3) is used for all the measurements, while no light source is used for experiments in Figs. 4 and 5. Fig. 3 . This reveals the known peaks A * and B * , while an additional higher energetic peak C above the fundamental CB dir can be observed. We relate shift of peak A * compared to Fig. 3 to the different electron injection rate in the CB indir .
Results and Discussion
In order to be able to compare the optical characteristics of our ZE (Sample 3) with conventional current injection and radiative recombination in p-n junctions, we first discuss the optical characteristics of Sample 1 and Sample 2. All measurements were performed on lateral edge emitters with a length of 1 mm. Electrical injection of charge carriers in a p-n-junction is achieved by applying positive bias. The electric field forces the electrons/holes to drift and radiatively recombine in the depletion region of the light emitting diode (LED), laser diode or optical amplifier.
For an indirect semiconductor, electrons always populate the lowest energetic free-states in the CB ind . If a voltage is applied, the energetic position of E fn is therefore defined by the progressive fill-up of the CB ind with electrons. E fn = E f + E fn E f is the Fermi level under equilibrium and E fn the injection dependent filling of the CB ind . To populate the higher energetic states in CB dir , E fn needs to be raised to the point at which the energetic separation of the two conduction band minima is exceeded. E fn ≥ CB dir,min − CB ind,min = 136 meV In the case of Ge, the energetic separation is relatively small (136 meV at T = 295 K). However, due to a limited lifetime of carriers, steady state filling of the CB ind with electrons is challenging to achieve, even under highest injection [48] . Electrons have a certain probability to be thermally scattered to the CB dir . The two resulting radiative electron-hole recombination mechanisms in Ge are explained in (Fig. 4(a) ). The transition A of electrons from the CB ind to the valence band (VB), is referred to as the indirect-bandgap emission. For high carrier injection, the probability for electron-electron interaction (Auger recombination) and thermal excitement of electrons to the CB ind are greatly enhanced. An increased number of electrons are therefore scattered to the CB dir and recombine radiatively (transition B).
In Fig. 4(b) , the electroluminescence (EL) intensity of Sample 1 is depicted for un-saturated electrical injection and correction of the current-heating induced peak shift. The peak positions A, B can be related to the bandgaps E G,in = 0.661 eV and E G,dir = 0.8 eV (T = 295 K) [49] . The luminescence intensity of B is about 5 times higher than A, related to the radiative lifetime difference between the direct and the indirect transition in Ge [48] .
Degenerate n-type doping can be used to occupy states of lowest energy in the CB ind with electrons. This enhances the probability of electron scattering from the CB ind to the CB dir (Fig. 4(c) ). However, high n-type doping concentrations are always accompanied by strong BGN. The shallow ionized-dopants form an impurity-band merging with the parent conduction band (band-tails) [50] . Therefore, both radiative transitions, as shown in Fig. 4(b) (A, B; Sample 1) , are shifted towards lower energies as shown in Fig. 4(d) (A * , B * ; Sample 2). The higher energetic shoulder is related to temperature induced broadening of the spectrum.
As a consequence, the BGN on the CB ind strengthens the luminescence of peak A * by making more initial and final states accessible to phonon-assisted band-to-band recombination. The effect on the direct radiative transition B * is even stronger, owing to the dopant induced filling of the CB ind and the related higher scattering probability to CB dir . This intensifies the spontaneous luminescence B * and hence increases the overall internal quantum efficiency. In an indirect semiconductor, the presence of inevitable absorption losses due to pile up of carriers in the CB ind , has to be considered when estimating possible gain. Considering n-type doped Ge (N D ∼ 1 × 10 19 cm −3 ), free carrier absorption (FCA) in the infrared wavelength range (1625 nm < λ < 1750 nm) is estimated as ∼ 100 cm −1 [51] , ∼ 60 cm −1 [25] and > 20 cm −1 [44] . There is a narrow wavelength range for which absorption is particularly weak. This is the local minimum between fundamental direct band-edge absorption and FCA absorption inside the CB ind (intraband absorption) [52] . The low intraband FCA in this wavelength range originates from the fact that excited carriers require a large momentum transfer to reach their final state in the CB ind . Considering the small population of high momentum (thus high-energy) acoustic phonons in n-Ge (100), the intraband FCA is fairly low [53] . Thus, for energies larger than the indirect transition energy and smaller than the direct transition energy, the absorption in Ge is lower than in a direct semiconductor above the bandgap (> 10 4 cm −1 for InP [54] ). In this energy region, the FCA is moreover comparable to the absorption below the bandgap in highly n-doped direct semiconductors (∼ 10 cm −1 for n-InP [54] ).
The Zener-Emitter
As discussed in the previous section, achieving steady state inversion in a Ge p-n-junction is challenging. Therefore, experimental Ge laser devices have been reported with very high threshold current densities of 280 kA/ cm² [55] and 510 kA/ cm² [56] , using pulsed current injection. Both device concepts utilize low tensile strain (0.25% and no-strain respectively) and moderate doping concentrations (N D = 4 × 10 19 cm −3 , N D = 3 × 10 19 cm −3 ) to keep optical losses low and to sustain CMOS compatibility. However, low-voltage operation is mandatory in order to achieve low dynamic power for integration. To reduce the power consumption, an efficient injection mechanism must therefore be selective towards less injection into the CB ind and higher injection into the CB dir .
More specifically, the requirements are as follows: i) Predominant [36] and rapid injection [31] , [32] of electrons to the CB dir ; ii) Sufficient confinement of the electrons to the active region (e.g., by an electron blocking layer); iii) Low voltage operation and iv) band-edge energy filtering by abrupt turn-on of the electron-emission. This filtering can serve to suppress current-crowding in the emitter as well as hot electron effects in the high injection regime, thus enhancing the thermal stability [28] . Furthermore for high frequency applications, fast signal-gain recovery is needed.
Our approach is based on an asymmetrically doped Ge p + n Backward/Zener tunnel diode [46] for electron emission, the Zener-Emitter (ZE) [25] . Fig. 5(a) shows the band diagram of our device (Sample 3), which consists of two Si cladding layers and the optical active Ge layer. Under equilibrium, the electrons and holes are located in the Si claddings. If a positive device bias is applied, the p-n tunnel diode is set to reverse operation while the n-i-p diode is in forward operation. In the tunnel junction ( Fig. 5(b) ), the reverse bias enhances the density of states overlap and enables tunneling. Electrons can tunnel from the VB of the p-doped side (E Zfp ) to the CB in the n-doped side (E Zfn = E fn ).
This mostly populates the CB ind for low bias. For increased reverse voltages, as soon as the injection Fermi level E Zfp is located at the CB dir , additional direct Zener BTBT becomes possible [36] . Since no phonons are needed for this tunnel mechanism, a higher tunneling probability and, thus, a higher electron-emission rate is assured as depicted in the inset of Fig. 5(b) (the ratio of direct versus indirect tunneling probability for the un-doped case has been estimated as ∼ 10²:1 [37] ). The different bandgap of the strain-relaxed i-Ge on p-Si acts as electron blocking layer, enabling steady-state inversion (Fig. 5(b) ).
The I-U forward characteristic of the ZE is depicted in Fig. 5(c) . Once E Zfp = CB dir , the conductance is markedly increased. This is a consequence of the onset of direct BTBT in Ge, similar to what is theoretically investigated in Ref. [37] . About one order of magnitude enhancement in tunnel current is achieved (0.9 V).
Since the n-i-p diode operates in forward mode, holes can drift to the n-Ge, enabling light emission. A decomposition of the emission spectrum of the device (Fig. 5(d) ) shows that the electrons radiatively recombine via the previously discussed transitions A * , B * and an additional transition C. The peaks corresponding to the transitions A * , B * are more intense than in Fig. 4 . In addition, a broad luminescence peak C at energies higher than the direct transition is observed for sufficient applied bias (V = 0.6 V). Due to population of the CB dir (tunnel injection (fs) recombination lifetime), the fundamental band-edge absorption of the CB dir decreases. Thus, we attribute the appearance of the broad peak C to the Moss-Burstein shift enabling higher visibility of transitions from electrons with energies E > CB dir [57] .
To characterize the transmission change with bias, we inject a constant input signal into the waveguide and compare the output signal with (P on ) and without (P off ) bias (Fig. 3) :
The figure of merit T(V) describes the transmission and is an important figure-of-merit characterizing the bias dependent change of population densities in the conduction band. For our investigation, the optical input signal at multiple wavelengths (∼20 nm peak width) is coupled into the device via one facet, while the optical output power at 0 V and 0.6 V electrical injection is determined at the other facet. If enhanced population in the CB dir is achieved by tunnel injection, the optical transmission through the ZE waveguide at different wavelength is changed with bias. Furthermore, the level of change indicates the effectiveness of the injection mechanism. We, therefore, experimentally compared the ZE injection with a conventional p-n junction injection (Sample 2) as shown in Fig. 6 . Here, the maximum bias was set to be 0.6 V, to estimate the small-signal behavior and to avoid any saturation effects. The spontaneous background emission generated by the applied bias (0.6 V) was subtracted for clarity, to compare the measurement results with and without bias. For a p-n junction injection ( Fig. 6(a) , Sample 2), only a slight change in transmission is observed as the applied bias is increased from 0 V to 0.6 V. This demonstrates the weak electro-optical effects by conventional p-n junction injection in an indirect semiconductor materials as previously discussed. Close to the bandgap, only Franz-Keldysh effect [58] related change in absorption could be observed.
A significant enhancement of transmission as a function of applied bias can be observed for the ZE injection (Fig. 6(b) ). At 1632 nm < λ < 1688 nm, we observe enhanced optical output power if bias is applied, indicating enhanced population of the CB dir . This demonstrates the enhanced electro-optical effects by the ZE injection mechanism. Although, the measurement setup does not clarify if the absolute output power is higher than the input power (optical gain), due to uncertainties in coupling loss determination.
In Fig. 7(a) , the voltage dependent optical output power is displayed at ∼1650-1670 nm signal input and voltage dependent transmission measurements at different wavelengths are shown in Fig. 7(b) . For low power levels P on , the on-off power ratio T(V) increases linearly with voltage (∼3.3 dB/V), indicating high sensitivity to change of voltage at the tunnel junction.
At a fixed input wavelength of 1660 nm, on-off ouput power change up to T(0.9V) = 2.42 dB is observed (102 mA). At higher bias voltages (1.2 V) for P on ∼ P S , the output power saturates, and only spontaneous emission can be seen to increase (Fig. 7(a) ). At that point, no further enhancement in the population of the CB dir can be seen to occur.
The P on versus P off power ratio as function of voltage ( Fig. 7(b) ) is enhanced for low voltages of 0.32 V (33 mA), related to the onset of direct band to band tunneling (Fig. 5(c) ). The wavelength dependent tranmission at different bias conditions is shown in Fig. 7(c) . The data corresponding to the dashed line is taken from [43] , in which optical excitation of n-Ge (N D = 1.2 × 10 19 cm −3 ) with a femtosecond pulse laser (pulse width 50 fs) was investigated. Our experimental data show good agreement with the results of [43] , further corroborating our experimental observation of wavelength-dependent transmission change with bias for n-type doped Ge. We attribute the small offset in wavelength to the temperature dependent shrinkage of the bandgap under electrical injection in our samples.
Conclusion
The working principle of the ZE is based on the fact that for 1632 nm < λ < 1688 nm only weak optical absorption is present in the Ge, mostly defined by free carrier absorption loss. Due to ultrafast transit times of electrons through the potential barrier at the p + n junction, tunnel injection by the Zener-Emitter enables carrier accumulation in the direct CB valley in Ge. Direct band to band tunneling is accomplished already at 0.32 V and transmission change up to 2.42 dB can be observed for the voltage range from 0.32 V to 0.9 V. Since the indirect conduction band valley remains highly populated during device operation, due to longer recombination lifetimes [48] , absorption processes that involve the indirect bandgap are negligibly small.
The Ge-on-Si generic platform offers much greater advantages in terms of compatibility to state of the art Si CMOS technology. The generality of the design principle outlined above can be the starting point for a comprehensive investigation of Ge-based, fully integrated modulators and optical amplifiers (ZE), paving the way for significant advancements in the monolithic integration of Si-Photonics. Since a Ge ZE is eligible for low-voltage carrier injection in an indirect semiconductor, it could serve as a design principle for novel photonic devices with group IV materials.
